This paper explores the alternative roles hydrogen can play in the future European Union (EU) energy system, within the transition towards a carbon-neutral EU economy by 2050, following the latest policy developments after the COP21 agreement in Paris in 2015. Hydrogen could serve as an end-use fuel, a feedstock to produce carbon-neutral hydrocarbons and a carrier of chemical storage of electricity. We apply a model-based energy system analysis to assess the advantages and drawbacks of these three roles of hydrogen in a decarbonized energy system. To this end, the paper quantifies projections of the energy system using an enhanced version of the PRIMES energy system model, up to 2050, to explore the best elements of each role under various assumptions about deployment and maturity of hydrogen-related technologies. Hydrogen is an enabler of sectoral integration of supply and demand of energy, and hence an important pillar in the carbon-neutral energy system. The results show that the energy system has benefits both in terms of CO 2 emission reductions and total system costs if hydrogen technology reaches high technology readiness levels and economies of scale. Reaching maturity requires a significant investment, which depends on the positive anticipation of market development. The choice of policy options facilitating visibility by investors is the focus of the modelling in this paper.
Introduction
Within the Paris Agreement, the European Union (EU) has committed to limit greenhouse gases (GHG) emissions to levels as low as needed to stay well below a 2 • C rise in the global temperature [1, 2] and preferably to 1.5 • C [3] . Several roadmaps and studies have identified that energy efficiency improvement in all sectors, in particular of the buildings stock, and the large deployment of renewable energy sources in the power system, constitute the two basic pillars of a deep GHG emissions reduction pathway [4] [5] [6] [7] . Also, carbon-free electricity can be an energy carrier that enables CO 2 emission reductions in mobility and heat uses of energy, where it is cost-effective, thus, acting as a sectoral integration option. Energy efficiency, renewables and electrification can lead to strong GHG emission reductions (80% emission reductions in 2050 compared to 1990 levels of emissions in the EU), compatible with 2 • C pathways. However, a significant amount of GHG emissions persist in 2050, mainly due to fossil fuel combustion in the transport sector and the remaining uses of gas in buildings and industrial applications. To adopt more ambitious pathways that are in line with the enhanced ambition depicted in the Paris agreement (1.5 • C pathway), even such remaining emission sources should be mitigated.
To this end, enhancing sectoral integration through the potential emergence of carbon-neutral energy carriers, like hydrogen, are candidate options. Sectoral integration may include hydrogen combustion in end-uses of energy, use of hydrogen as a feedstock to produce synthetic methane and liquid hydrocarbons, which would all also serve the chemical storage of electricity. Hydrogen development at a full systems' level has been proposed as a potential pathway to a decarbonized energy system [8] [9] [10] [11] [12] . Hydrogen qualifies as free of GHG-emissions (GHG-free) when both the feedstock and production (e.g., electricity for electrolysis, methane reforming) are free of emissions. Synthesis of hydrogen and carbon dioxide to produce methane [13] or liquid hydrocarbons [9] has to use GHG-free hydrogen and non-fossil CO 2 feedstock, to qualify as GHG-free. The potential of hydrogen or hydrogen-based synthetic fuels has been analyzed in several studies with a focus either on national [14] [15] [16] [17] , regional [18] or global scale [19] .
In this paper, we assess from a systems perspective, the three potential roles of hydrogen in the future EU energy system and their interplay with electricity. The authors enhanced the PRIMES model [20] to represent in detail the technologies and the process flows that relate electricity and hydrogen in the energy system, as well as the economic competition among technology options. The enhanced model includes all energy demand and supply sectors and covers alternative processes and technologies of hydrogen production, synthetic methane and liquid hydrocarbons, GHG-free capture of carbon dioxide and chemical storage of electricity. Dynamic investment and technology vintages, coupled with learning-by-doing, allow simulating dynamic transition pathways towards a restructured and carbon-neutral energy system. To explore uncertainties, we vary the technical-economic features of the new technologies, which then influence technology choice and investment, modify the pace of approaching industrial maturity and consequently, the long-term market potential of hydrogen.
In the context of contrasting scenarios with varying technological assumptions, the paper explores the uncertainties associated with each potential hydrogen role and outlines their benefits and drawbacks. Based on this assessment, the paper defines a balanced scenario, with a particular focus on market segments where industrial maturity of hydrogen technologies is most likely and can provide the greatest advantages. The scenarios are fully-fledged energy system projections for all EU Member States up to 2050 and have been prepared for this paper exclusively.
The current paper is structured as follows: Section 2 summarizes the key hydrogen uses and production routes; Section 3 presents and discusses the three distinct hydrogen roles in the energy system and analyses the quantified scenarios; Section 4 presents a short description of the enhancement of the PRIMES energy system model; Section 5 analyzes the simulation results; while Section 6 provides a discussion and the final section concludes.
Overview of Technical-Economic Features of Hydrogen Use and Production Technologies
Hydrogen has the potential to occupy a significant place in the transition towards a low-carbon energy system, as it can cover several roles within the energy system and have a zero-GHG footprint along the entire lifecycle. Today, hydrogen is used mainly in industrial applications as a feedstock (e.g., in fertilizer production), in the petrochemicals industry and refineries [21] . Several small and medium-scale hydrogen projects in Europe demonstrate novel uses of hydrogen in energy and industrial applications [22] . More specifically, hydrogen can be used of as a fuel in transport, for the cogeneration of heat and electricity, as a direct fuel and feedstock in industry, as a carrier of chemical storage of electricity, or as a feedstock in the synthesis of methane and liquid hydrocarbons.
Apart from hydrogen use in low and medium temperature applications in buildings and industry, injecting hydrogen in industrial high-temperature furnaces also has a potential. A notable example, for which demonstrations already exist at an industrial scale, is the direct reduction of iron ore via the use of hydrogen instead of coke [23] . Industrial symbiosis concepts can boost hydrogen penetration, as the by-products of hydrogen production via a steam-methane reforming (SMR) process, i.e. CO 2 , can serve, together with hydrogen, the synthesis of chemical substances further processed in the chemical industries [23] .
The use of hydrogen in transport depends on fuel cells, which are currently expensive and have an uncertain learning-by-doing potential [24] . However, fuel cells are a suitable alternative for high-mileage and heavy-duty transport, such as buses, coaches, trucks, ships and trains [25] [26] [27] [28] [29] . Infrastructure development is also crucial for the refueling of fuel cell transport means. Economies of scale are important for the cost of hydrogen refueling stations. It is, therefore, reasonable to envisage investment in refueling hubs at least of a medium scale, where it may be economical to integrate the production of hydrogen and storage on-site [30] [31] [32] .
Fuel cells for heating in the buildings sector [33] cover a small niche market of micro-cogeneration applications (micro-CHP) [34, 35] . Hydrogen may have a larger potential in heating when supplied to the domestic sector through the gas distribution systems. Blending hydrogen into natural gas distribution pipelines is technically and economically possible, albeit up to 15% vol [36] . Higher blending rates imply significant investment to change the technical features of appliances. Large-scale distribution of hydrogen via dedicated pipelines and storage facilities requires high amounts of investment which may pay-off if hydrogen becomes a dominant option in heating.
Electricity generation using fuel cells is limited to heat and electricity cogeneration applications, with an overall energy efficiency between 65-75% [37] . Hydrogen can also be used to generate electricity from gas and steam turbines, which need technical adaptation for the use of hydrogen. Existing gas turbines can be converted to burn hydrogen at an affordable cost [38] , by producing hydrogen from electrolyzers at times when appropriate resources are available (e.g., abundant renewables) as well as using hydrogen to generate electricity when the resources are not available; i.e., in a chemical electricity storage cycle. As this way of storage is versatile, covering all timeframes, from hourly to seasonal storage cycles, chemical storage based on hydrogen can maximize the use of variable renewables in the power sector. The overall energy efficiency rate of a cycle of chemical storage is between 42-50%, but the energy input is not exhaustible if based on renewables.
The technologies that produce synthetic methane and liquid hydrocarbons use hydrogen and CO 2 as inputs. Both inputs have to be GHG-free over their lifecycle to qualify the final product also as a GHG-free fuel when combusted in end-use applications. The CO 2 feedstock may originate from the atmosphere (direct air capture-DAC), biomass (e.g., biomass gasification or biogas upgrading plants) or carbon capture technologies applied on fossil fuel power plants and boilers combusting fossil fuels or from industrial processes [39] . Several hydrocarbon synthesis technologies exist, e.g., methanation processes, methanol route processes and Fisher-Tropsch, which are known, albeit yet immature at an industrial scale [39] [40] [41] [42] [43] . Power-to-gas or power-to-liquid is a facility that integrates hydrogen production, CO 2 injection, and possibly CO 2 capturing, with the synthesis of hydrocarbons and can also serve as versatile chemical storage of electricity allowing maximum use of renewables [44] . The synthetic gas is greatly advantageous for not requiring modification of gas distribution and gas using appliances. However, it is more expensive and more electricity-intensive than hydrogen.
The main uncertainty concerns the costs of hydrogen production, CO 2 capture from the air or biomass (to ensure full carbon neutrality for the entire chain) and the synthesis of hydrocarbons. The technologies are currently at a medium technology readiness level (TRL), i.e., 5-7 [45] [46] [47] , have poor overall energy efficiency [48] and high investment costs [47] [48] [49] . However, optimism prevails in the literature regarding the learning potential that justifies considering hydrogen among the promising technologies in decarbonization pathways [47, 50, 51] .
The literature [51] categorizes hydrogen production systems in three groups depending on emissions:
• Grey hydrogen refers to production via the conventional SMR process using natural gas or naphtha, which emits CO 2 at least as much as natural gas combustion.
•
Blue hydrogen also refers to the SMR technique but applies carbon capture and storage (CCS), thus avoiding between 90-98% of CO 2 emissions.
Green hydrogen refers to production via the electrolysis process using carbon-free electricity (e.g., solar, wind, hydro, nuclear or CCS).
Currently, on-site production of hydrogen via SMR using natural gas or naphtha is the dominant industrial practice due to low costs; however, grey hydrogen is not GHG-free [52] . Blue hydrogen production technology is mature, (TRL 9, [52] ), but the large-scale application requires the availability of infrastructure for CO 2 storage in underground geological structures, which currently do not exist in the EU and are considered undesirable in most EU Member States [53] [54] [55] . There are expectations that CO 2 storage will gain certain permission in the long-term, although at a limited extent. The scarcity of CO 2 storage would suggest using storage in priority for abating emissions in sectors that are difficult to decarbonize (i.e., industrial processes) or for ensuring negative emissions if required in the long-term.
Based on these considerations, the modelling has mainly retained green hydrogen for large-scale production of hydrogen in the long-term. However, blue hydrogen could be a valid option for on-site production of hydrogen in certain industrial complexes that are in the proximity of underground CO 2 storage sites [56] .
Alkaline electrolyzers are the best-practice technologies at present, due to lower costs compared to other technologies that are as yet immature. The investment cost is below 1000 EUR/kW [49] , energy efficiency is 67-70% [49] and they are close to full maturity (TRL 9, [47] ). Other electrolysis technologies are the proton exchange membrane (PEM, with a TRL 8, [47] ) and the solid oxide electrolyzer cell (SOEC, with a TRL 5, [43] ). The PEM electrolyzers are expected to achieve higher efficiency rates than alkaline; however, both have similar prospects of investment cost reduction if developed at a large scale [49, 50] . The SOEC electrolyzer is expected to reach the lowest electricity demand per unit of H 2 produced among all electrolysis technologies. As a SOEC electrolyzer operates at high temperatures, it is suitable for coupling with highly exothermic processes as for the synthesis of hydrogen and CO 2 for the production of synthetic liquid hydrocarbons [43] . Table 1 summarizes the assumptions regarding the levelized cost of hydrogen production, including the expected learning-by-doing effects in the long-term and the economies of scale [57] . The electricity purchasing cost is the main element in the cost structure of hydrogen, followed by capital cost. The latter has a high reduction potential if electrolyzers develop at a large scale, but electricity remains the primordial cost factor. Producing electricity at times when renewables are abundant, and marginal costs in the power system are low is a way of optimizing electricity costs for hydrogen. Revenues of electrolyzers when producing reserve and flexibility services to the power system are also a cost-reducing element. For instance, the economies of scale related to the size of hydrogen production facility have a small contribution to total costs when comparing utility scale to the onsite production at a refueling hub.
Hydrogen Development Scenarios
To explore the role of hydrogen in a decarbonized energy system, we first define and quantify three contrasting scenarios with distinct roles of hydrogen in an energy system. All three scenarios achieve the emissions reduction objectives of the EU until 2050, but differ as follows (see Table 2 ):
•
Electrification scenario: Electricity dominates end-use applications, and hydrogen use is mainly used for chemical storage for electricity. • Hydrogen economy scenario: Hydrogen becomes the dominant energy carrier in demand use sectors. • Synthetic fuels scenario: Hydrogen serves as a feedstock for the production of synthetic, GHG-neutral methane and liquid hydrocarbons. Costs of producing the CO 2 feedstock to get carbon neutrality. Significant increase in total production of electricity.
Benefits
Efficient energy system due to the electrification of end-uses. Limited increase in electricity demand compared to other cases.
Can theoretically cover the energy almost the entire energy system (including storage needs) at affordable costs.
Consumers maintain convenience and distributors maintain the infrastructure as of today.
Electrification Scenario: Hydrogen for Electricity Storage in a Maximum Electrified Energy System
Power generation is fully decarbonized and based mainly on renewables, with nuclear and CCS having a modest share. The variable renewables reach a high share, close to 85%, by 2050, whereas the contribution of nuclear and CCS is relatively small, in particular for the share of CCS due to CO 2 storage limitations. Versatile storage facilities based on batteries in various scales and chemical storage based on hydrogen allow effective balancing of variable renewables. Therefore, the role of gas in the power system becomes less important in the long-term, compared to early stages of the transition, and so storage and flows over interconnections are the main sources of flexibility and reserves in the system.
Based on the assumption that novel electricity technologies reach economic and technical maturity in end-uses, electricity can dominate final energy demand in all sectors. Total demand for electricity increases when compared to a baseline projection, but because electric appliances and vehicles are particularly efficient, the increase in demand for electricity is moderate and does not challenge the power generation resources. Total demand for gas decreases very substantially in this scenario, in both the supply and the demand sectors of energy. Transportation relies on electricity to a very large extent, with advanced biofuels covering the fueling of transport modes such as aviation and shipping, which cannot electrify fully. The energy system is, therefore, carbon neutral by 2050, electricity is the dominant energy vector, and hydrogen is also an important means of storage of electricity, albeit without any significant contribution in final energy demand.
The majority of electric end-use technologies are mature today, (i.e., heat pumps, electric vehicles, railways, low-temperature industrial uses) and also able and very efficient, compared to technologies running on combustible fuels. However, considerable uncertainty surrounds the future development of novel electric technologies that are necessary to electrify the energy uses that, currently, mature technologies cannot cover. Most of the novel technologies of this kind (e.g., long-distance heavy-duty vehicles, coaches, aircraft, ships, high-temperature heat pumps, fully electric industrial processes and others) are currently at the stage of laboratory development, and only a few are in a demonstration phase [58] [59] [60] .
From today's perspective, the electrification of certain transport modes is expected to be particularly challenging, as batteries do not provide the necessary energy density for performing long inter-urban trips, or long-distance airplane flights; the weight of the batteries needed to perform a transatlantic flight makes the total weight of the aircraft prohibitive. Short-distance flights using electric aircraft are in an early prototyping phase, and commercial applicability is expected only after 2030 [59] . Similar prospects are in consideration for electric vessels and ships. Decarbonizing long-distance road freight transportation via electric heavy good vehicles would require either an extremely dense recharging infrastructure network, or an extensive overhead wire network to be available along a significant part of the lengthy European motorways [58] .
Electrifying residential and commercial/public buildings sector seems doable and cost-efficient, as the performance of heat pumps has been improving rapidly over the recent years [34] . Backup systems, which will eventually use gas, would, however, be needed, particularly in colder climates. Although low-enthalpy industrial applications can rely on electricity using current technologies, high-enthalpy heat and steam need novel technologies, e.g., high-temperature heat pumps that have not yet reached technological maturity [60] . Extensive electrification implies redesign of whole value-chains in some sectors (e.g., metals, chemical industry and others), while in others, e.g., glass production, it may need small-scale modifications [61] .
The electrification of the entire final demand, including heat and mobility, involves a strong seasonal variation of electricity load which, combined with the high variability of the renewables, implies a huge increase in the demand for reserve and balancing power. The seasonal variability needs electricity storage with seasonal possibilities, as the provision of seasonally variating reserves by thermal power plants is particularly costly in capital terms. The storage systems with daily and hourly storage cycles (batteries, pumping, Compressed Air Energy Storage-CAES) cannot cover seasonal variation patterns. The storage portfolio has to include versatile storage systems with different storage cycle timeframes and flexibilities of activation. Batteries, hydro-pumping and chemical storage based on hydrogen are all necessary within the optimum storage portfolio. The high electrification strategy that does not develop chemical storage based on hydrogen, cannot achieve storage optimality and thus suffers from high costs and emissions due to the use of fossil fuel plants for reserve and balancing.
Hydrogen Economy Scenario: Hydrogen as an End-Use Energy Commodity
The concept of hydrogen as a universal carrier for all energy uses, broadly referred to as a "hydrogen economy", has been widely discussed since the 1970s [62] . The urge for achieving net-zero GHG emissions, following the inclusion of a 1.5 • C context in the final text of the Paris Agreement, brought the hydrogen economy concept back into the agenda. Available technology can support hydrogen use in all sectors. The combustion of hydrogen can cover all industrial energy applications and replace all fossil-fuel applications, e.g., for high and low enthalpy heat, direct reduction of iron ore, chemistry, steam, cogeneration of heat and electricity, etc. Fuel cells can be the powertrain of all sorts of vehicles. Hydrogen technologies are also available for shipping and trains. As far as airborne transportation is concerned, it is yet not clear whether a hydrogen-fueled aircraft can reach technological maturity [24] . In the domestic sector, hydrogen can replace fossil fuels for heating and cooking purposes and distributed gas, albeit at the cost of changing in the design of appliances [63] .
The wide use of hydrogen, also in low-pressure gas distribution and refueling stations, necessitates a dense hydrogen network and storage system. Modifying the existing gas infrastructure for hydrogen use is technically possible. However, uncertainty still surrounds the costs of infrastructure transformation and the implementation burden [30] . Acceptability issues reflecting security and leakage concerns may arise. Large-scale applications of hydrogen, for example in industrial complexes, large refueling hubs, etc., may benefit from electrolyzers installed locally and from a small-sized hydrogen transportation network and storage facilities located on-site at relatively low cost. The decarbonization of the buildings sectors would require hydrogen to flow in the distributed gas mix above 15-20% vol, which is the currently agreed blending limit for the existing infrastructure [36] .
The wide use of hydrogen in all sectors does not cancel electrification in those segments of mobility and heat uses where it is cost-effective to electrify. Some examples are mobility in cities, heat-pumps in well-insulated houses and buildings, and certain electro-technologies in industry. A simple calculation indicates that complete coverage of all energy needs by hydrogen would require huge amounts of electricity to generate, and that would challenge resources, including renewables, and networks. It is thus imperative, to complement hydrogen development by electrification, where possible, and strong energy efficiency improvement in all sectors, and thereby limiting the total amounts of hydrogen to comply with sustainability.
Hydrogen replaces natural gas in heat uses and part of liquid fuels in transport. Despite electrification and efficiency in end-uses that moderate total amounts of hydrogen, the power sector will need to produce significantly higher amounts of electricity, compared to the electrification scenario, as hydrogen is mainly produced by electrolyzers to ensure full carbon neutrality. As renewables constitute the main source of electricity, the power system will require further expansion of storage systems, interconnections and grid reinforcement, significantly above the electrification scenario, to ensure balancing and reliability of supply.
Synthetic Fuels Scenario: Hydrogen as a Feedstock for the Production of Synthetic Hydrocarbons
Synthetic methane and liquid hydrocarbons constitute an option that can effectively address the drawbacks of the hydrogen scenario regarding distribution systems and end-use equipment and vehicles. The synthetic fuels (produced from a synthesis of hydrogen or syngas and carbon dioxide) are fully fungible to fossils and allow maintaining current infrastructure and equipment without any disruptive change.
The technologies for synthetic fuels are not novel [64] but are far from being industrially mature. Several demonstration plants are in operation in Europe. However, the estimated costs and energy efficiency rates are disappointing when compared to fossil fuels. The synthetic fuels are currently at least two or three times more expensive than the corresponding fossil fuels. Also, both carbon and hydrogen feedstocks have to be carbon neutral over their lifecycle to achieve carbon neutrality in the overall energy system [65] .
The carbon feedstock has to be of biogenic origin [66] or captured from the atmosphere using DAC technologies [67] [68] [69] , to render the fuels GHG-free. The anticipated learning potential as presented by private start-up companies and other sources could lead to average capturing costs below 200, or even 100 Euros/ton of CO 2 captured [57, 69] , while costs are currently far higher (600-1000 Euros/ton of CO 2 ) [67, 68] . Carbon feedstock from biogenic sources proves to be cheaper, in particular when CO 2 is a by-product of another application (biomass used for energy in the paper and pulp industry, biogas upgrading to biomethane, CO 2 capturing in a biomass firing power plant, etc.). The biogenic sources face limits in their overall potential. Using CO 2 captured from fossil fuel power plants or industrial processes does not allow qualifying the synthetic fuels as GHG-free, as the CO 2 captured is again released in the atmosphere during fuel combustion.
Another important consideration that limits the overall supply potential of synthetic fuels is the amount of electricity needed for production. Electricity needed for synthetic fuels is higher than that for hydrogen. The total volume of electricity can reach unsustainable levels if synthetic fuels replace all amounts of fossil fuels used at present. For this reason, a synthetic hydrocarbons strategy has to include strong energy efficiency efforts and electrification of end-uses, where this is cost-effective, to limit demand for synthetic fuels as much as possible. For the same reason, the strategy should also maintain the use of significant amounts of advanced biofuels in transport.
Nonetheless, total power generation will inevitably increase considerably in a synthetic fuels strategy. The power system may reach potential limits of renewables, and bear high costs of grid development and procurement of balancing, storage and grid resources. Not all countries in the EU have sufficient potential for renewables to produce synthetic fuels domestically. They will rely on imports from other EU countries (or from outside the EU). Security of supply at a national level will depend on the integration of the EU market. The gas infrastructure is of particular interest to this respect. Transporting synthetic methane within the EU while still achieving security of supply standards will require investment in gas pipelines following a network topology much different than the current topology of the gas pipeline system. Today, the topology mainly serves transportation of gas from the East to the West. Within a synthetic methane future, the grid must be meshed and serve all directions, mainly from the periphery (North, South and West) to Central and Eastern Europe, due to the different potential of renewables in different EU regions.
Balanced Scenario: Balanced Development of Hydrogen and Electrification
The three hydrogen scenarios defined so far are stylized representations of different roles of hydrogen in the carbon-neutral system. The purpose was to explore the pros and cons of these distinct roles. All of them present serious uncertainties, mainly because they foresee an extreme development of certain technologies probably beyond their capabilities.
Therefore, a cost-effective approach that uses the options in a balanced way has to ensure picking up the most appropriate technology for each application and avoid using technologies that are unlikely to become mature in the future. The balanced technology application concept has guided the design of a balanced scenario, which combines the most cost-effective sectoral applications explored in the three previous scenarios.
The balanced scenario, maintains the basic decarbonization pillars, in the same logic as in the three previous scenarios as in [70] . Strong energy savings in buildings and industrial sectors driven by energy efficiency policies are important because of cost-efficiency and because they reduce the need to expand the power sector for producing alternative fuels. The dominance of renewables in the energy system is driven by carbon prices and mandatory renewable targets, in particular in the power sector as it is the main available and affordable option to decarbonize electricity. Electrification in the transport sector and stationary heat applications achieves efficiency and limits the total needs for alternative fuels, in particular in the market segments where electricity has a cost-effectiveness advantage. The development of advanced biofuels decarbonizes segments of transport markets which are difficult to electrify and therefore limits the needs for alternative fuels. Thus, efficiency, electrification and biofuels are valid options for most of the energy uses. Alternative fuels cover the remaining market segments, and still the production of hydrogen, methane and liquids from electricity and captured carbon dioxide, implies a significant increase in the size of the power sector and considerable development of the carbon dioxide capture technology.
The balanced scenario foresees:
• 15% vol share of hydrogen in the distribution gas network and mix of bio-methane and GHG-free synthetic methane; GHG-free hydrogen is produced by electrolyzers fed by GHG-free electricity (i.e., green hydrogen). GHG-free methane complements hydrogen in gas distribution and is produced using non-fossil CO 2 .
The balanced scenario foresees production of relatively smaller amounts of synthetic methane and fuels compared to the synthetic fuels scenario. Thus, the increase in the size of the power sector is significant but manageable, and the volume of carbon dioxide capture from the air and biogenic sources is also lower. In this way, carbon capture, biomass and renewable resources for power generation remain well below their potential, thus avoiding nonlinear increasing costs.
Modelling Approach
The PRIMES energy system model represents all demand and supply sectors in separate modules. The model formulates a typically nonlinear and intertemporal optimization model for each sector, as a typical decision problem formulated structurally following the microeconomic theory. The formulation by sector embeds engineering details of technologies and technical restrictions in the economic, behavioral problem. The algorithms solve a mathematical optimization program for some modules and a mixed nonlinear complementarity problem for others. Thus, the model derives energy consumption, energy supply and investment depending on prices derived from other modules. The pricing modules calculate supply costs by sector and determine prices by sector of product use based on marginal costs and an allocation of fixed and capital costs depending on assumptions about market conditions. A market balancing routine ensures demand and supply equilibrium in all markets simultaneously, and determines market clearing prices, after iterations involving all the modules. The model includes an endogenous mechanism for EU emission trading system (ETS) carbon prices and represents several policy instruments of different natures, e.g., taxes, subsidies, measures removing barriers, infrastructure investment, technology standards, emission or efficiency performing standards, policy targets and others. Usually, the model supports an impact assessment of policies by comparing a policy scenario to a non-policy one. The results provide projections of the energy system, investment, prices, costs and emissions until 2070 for each European country.
The model enhancements introduced by the authors concern both demand and supply modules. Briefly, the enhancements were as follows:
•
The extension of the industrial energy demand module added technologies that use hydrogen directly in high-temperature applications, notably in iron and steel for direct reduction of iron ore, in furnaces and in the chemical industry as a fuel and as a feedstock to synthesize petrochemicals together with captured CO 2 .
•
The extension of the gas distribution module added the possibility to blend hydrogen, biofuels and GHG-free synthetic methane depending on exogenously defined blending ratios. The gas mix has a GHG emission factor lower than natural gas and allows final demand users to comply with emission constraints, along with other measures such as energy efficiency improvement. •
A new module represented the production of hydrogen, the capture of CO 2 from DAC and biomass (capture from fossil fuel combustion existed in the model) and production of GHG-free methane and liquid hydrocarbons, as well as the distribution of hydrogen either independently or injected in the gas distribution system. The module calculates feedstock inputs to the production of synthetic fuels, choice of technologies (among electrolyzers and production routes for synthetic fuels), learning-by-doing, prices of the outputs and distribution costs. In this way, the module determines the prices of the synthetic fuels by consumption sector.
The extension of the power sector model added the representation of chemical storage of electricity and the modelling of synchronous operation of power generation, load, renewable resources, storage of the chemical storage inputs and the charging and discharging of the various storage systems. Investment in storage systems, regarding the volume and the choice of technology mix, is endogenous depending on costs of storage, the prices of the storage inputs and, the marginal costs of the power systems that further depend on the availability of renewable resources and the demand by end-users for hydrogen and synthetic fuels. In this manner, the production of hydrogen and synthetic fuels takes place at times when renewables are abundant and depending on fuel storage volumes renewables may maximize while seasonal and daily storage of electricity balances the renewables fully and affordably. The power sector model also solves the interconnected system of all European countries simultaneously, and thus captures the sharing of balancing resources and the access to remotely located renewables to cover all countries via an extended grid system. At present, the model includes a simplification assumption that every country produces hydrogen and synthetic fuels in their own territory to cover domestic uses.
A module takes care to balance the capturing of carbon dioxide through several ways, competing against each other (DAC, biomass, combustion, industrial processes) and the use of carbon dioxide as a feedstock for synthetic fuels and its sequestration in materials (e.g., feedstock for chemical substances) and underground caverns. The module determines the mixes in production and uses depending on the potentials of each option in production and type of use or sequestration, the nonlinear cost-potential curves per option and the emission constraints (reflecting policy standards).
Finally, the calculation of overall costs and various policy indicators has been extended to include investment and costs related to hydrogen and synthetic fuels.
Results
By design, all four scenarios achieve similar CO 2 emission reductions by 2030, as they incorporate the same assumptions underpinning the successful implementation of the policies included in the "Clean Energy for All Europeans" package [71] . Also, all four scenarios achieve deep decarbonization objectives until 2050 (Table 3) , which is in line with a carbon-neutrality strategy foreseeing 95% reduction of carbon dioxide emissions from energy and industrial sectors by 2050, compared to 1990 emission levels in the EU. Compared to the 80% emissions reduction strategy for 2050, as in [71] , the 95% emissions reduction strategy abates remaining emissions mainly in mobility and heat uses (primarily using natural gas). Deep emissions abatement is meant to concern the emissions remaining after achieving the 80% emissions reduction target. The scenario design assumptions imply that hydrogen and GHG-free methane enable the deep abatement of emissions in the scenarios assuming the availability of alternative fuels, whereas novel electric equipment enables the deep abatement in the electrification scenario. Table 3 shows that in all energy sectors, the carbon emissions remaining in 2050 are very low compared to historical levels.
The total amounts of biofuels and biomass are similar in all four scenarios due to limited potential. However, the use of biomass by sector differs across the scenarios. In scenarios with alternative fuels, it is relevant to use biofuels in transport mode segments where both electricity and hydrogen are difficult to apply, e.g., aviation, long-distance shipping and others. Biofuels also help to limit the total amounts of synthetic fuels and thus mitigate the electricity demand impacts in the power sector. Biomass combusted in cogeneration and heat plants is also similar in the four scenarios. Carbon capture applied on biomass-firing cogeneration plants is relevant in scenarios that involve the production of synthetic hydrocarbons, to limit the extent of applying carbon capture directly from the air.
Due to policy-related limitations in the existing in EU countries, all projections foresee a modest development of the underground storage of CO 2 . However, the capture of CO 2 needs to develop in the scenarios that involve production if synthetic methane and hydrocarbons (Table 4 ). Capture from biogenic sources faces feedstock limitations, as the optimal use of biomass resources suggests producing advanced biofuels in priority to tackle emissions reduction in the most inflexible transport market segments. It is more economical to capture CO 2 from power and heat plants using biomass rather than using biomass gasification. Carbon capture from power plants burning fossil fuels has a non-negligible potential in the scenarios, but its use as a feedstock to synthetic hydrocarbons is not consistent with carbon-neutrality. Sequestering underground or in materials (e.g., feedstock to a synthesis of petrochemicals) is, therefore, the only possibility for CO 2 captured from fossil fuel combustion. Consequently, DAC of carbon dioxide will have to develop to a significant extent. Achieving the learning potential of DAC is important to mitigate cost impacts. The total volume to capture from the air remains within a reasonable range in the scenarios (Table 4 ), due to the limited volume of synthetic hydrocarbons foreseen in relevant scenarios. As mentioned above, reducing energy consumption is cost-effective and at the same time prevents the excessive increase in the size of the power sector, as electricity dominates energy supply, either as an energy carrier used directly or as a feedstock for hydrogen and synthetic hydrocarbons. Therefore, all four scenarios include strong energy efficiency-promoting measures, although they differ in terms of fuel mix (Table 5 ). However, the GHG-free fuels, when available in a scenario, constitute an alternative option for emissions reduction in final demand sectors, thus discouraging too high investment in deep energy renovation of buildings. Nonetheless, the trade-off between efficiency and GHG-free fuels in final consumption is small in magnitude, as both options are needed to decarbonize fully. Regarding total final energy consumption, the electrification scenario is 12% more efficient (calculated in terms of final energy consumption) than the synthetic fuels scenario, which is 5% less efficient than the balanced scenario and 2.5% less efficient than the hydrogen scenario.
Solid fuels vanish in final energy consumption under all scenario conditions. The decrease in the final consumption of liquid fuels is also impressive in all scenarios. The existence of GHG-free liquid fuel supply has a small effect on market shares of liquid fuels; in the relevant scenario, the liquids get a share of 11% in final energy consumption, which is considerably lower from the share of 39% in 2015. The share of liquids is much smaller in the rest of the scenarios. Conversely, the share of gas (methane) in final energy consumption heavily depends on the availability of GHG-free gas supplied by the gas distribution system. The share of gas in total final consumption remains slightly above historical levels in the synthetic fuels scenario and also remains at a comparable level in the balanced scenario. Nevertheless, in the other two scenarios, electricity or hydrogen almost completely displace methane. The remarkable increase of hydrogen as an energy carrier in the hydrogen economy scenario (where it gets a share of 31%, Table 5 ), arises from the use of hydrogen mainly in the mobility sector (Table 6 ). In the same scenario, the market penetration of hydrogen in all other sectors is also significant. Hydrogen used as a feedstock is relevant only in synthetic fuels and balanced scenarios. In these two scenarios, the total amounts of hydrogen in 2050 are similar to those of the hydrogen scenario. However, the share of hydrogen used as a feedstock is much higher than in the hydrogen scenario, as expected. Unless electricity dominates as a carrier for end-uses, the system will require to produce between 305 and 340 Mtoe of hydrogen in 2050, which corresponds to the installation of 500 to 750 GW of electrolyzers in Europe; the market volume is huge for the electrolyzing industry, compared to current practices. The comparison between Tables 6 and 7 clearly shows that electricity and hydrogen are strong rivals in the market segments where both can be used directly. Electricity is at least twice more efficient than hydrogen in direct end-uses. Producing hydrogen from electricity implies 70-85% of losses of electricity. So, producing hydrogen in the hydrogen scenario to replace part of electricity in the end-uses, implies a far higher volume of electricity to generate, compared to the electrification scenario. The impact on electricity volumes further magnifies when also producing synthetic fuels, as in the synthetic fuels and the balanced scenario. As shown in Table 7 , total electricity consumption has to increase in the scenarios with hydrogen and synthetic fuels between 1.4 to 1.5 times, compared to the electrification scenario. As nuclear and CCS have limited potentials in the EU's future power system, due to various policy and economic reasons, renewables need to expand considerably to cover the growing demand for electricity. The dispatchable renewables, such as hydro and biomass, have a limited potential and, consequently, the incremental development of renewables relies on variable renewables, such as solar and wind. The ensuing variability of the system will require huge flexibility resources, including versatile and seasonal storage. As shown in Table 8 , irrespective of the total volume of electricity demand, the shares of renewables is roughly 85% by 2050 in all scenarios, as the other carbon-free generation options have limitations. Renewables need to be 1.6 times higher in the synthetic fuels scenario, and 1.5 times higher in the balanced scenario, compared to the electrification scenario. A synergy would, however, prove beneficial for the integration of renewables at such a large scale. Hydrogen and synthetic gas suitable for providing chemical storage services to the power sector, allow for maximizing the exploitation of renewables by producing the fuels when renewables are abundant, and eventually using the fuels when renewables are scarce. If the electricity interconnection system is sufficiently large enough and well-functioning, the increase in power generation and the ensuing increase in renewables are in great synergy with the development of chemical storage to ensure robustness, generation adequacy and affordable electricity prices (see the last line of Table  10 ). Selling hydrogen and synthetic fuels to end-users provides an additional benefit for the power system. More specifically, through the use of storage facilities located close to end-users, it is possible to further increase the renewables by producing hydrogen and synthetic fuels when renewables are abundant. This has been termed as "indirect chemical storage", and has a strong seasonal pattern bringing significant cost savings to the power sector. The electrification scenario does not include the production of synthetic fuels and hydrogen for end-users, and thus has limited resources of direct and indirect chemical storage. Maintaining reserve capacities other than chemical storage (complemented by batteries and hydro pumping) proves to be more expensive, as the reserve has to rely on gas power plants that are seldom used and are expensive when operating due to the cost of emissions. Therefore, despite developing much lower amounts of renewables, the average price of electricity is slightly higher in the electrification scenario compared to the scenario that develops hydrogen and synthetic fuels. As shown in Table 8 , the projections foresee the development of nuclear in 2050 slightly above the levels in 2015, as it is generally difficult for the EU to develop further greenfield nuclear. The share of nuclear drops to roughly 10% in 2050, significantly down from the share in 2015. Power generation from coal or oil is incompatible with the emissions reduction objectives and strongly discouraged by the rising carbon allowances prices of the EU ETS auctioning system (which includes the market stability reserve regulations); carbon prices reach levels close to 300€/tCO 2 in 2050, significantly up from 35-40€/tCO 2 in 2030. The scarcity of CCS, due to limited underground storage possibilities in various countries (mainly due to policy), prohibits the development of fossil fuel burning generation. Electricity produced using natural gas is also non-economical in this context, and the small remaining amounts of natural gas burn in CCS power plants. Using GHG-free gas in power plants at a large scale is unsustainable because of the magnifying impacts on demand for electricity. Therefore, gas-based generation remains among the flexibility and reserve providers but essentially only via the chemical storage cycles. As shown in Table 8 , the availability of synthetic gas in some scenarios allows for an increase in generation from gaseous fuels, compared to the electrification scenario.
Despite the substantial modification of the chemical origin of the molecules, total consumption of gaseous fuels, including hydrogen, remain in all scenarios at a level that is comparable to gas consumption in 2015 (Table 9 ). Nevertheless, the electrification scenario constitutes an exception, where the gaseous fuels drop to roughly one-third of the consumption levels in the other scenarios. However, the use of fossil gas is higher in this scenario compared to the others, as electricity cannot fully displace gas in all end-uses and in the power sector. Hydrogen mixed in gas distribution up to 15% vol (the maximum threshold for not replacing equipment) and substantially developed biogas are not enough to fully decarbonize the amounts of gaseous fuels needed in the various uses. The absence of large-scale hydrogen and synthetic gas in this scenario obliges the use of electricity in cases where it is probably not cost-effective and does not allow fully eliminating fossil gas.
In other scenarios, the supply of GHG-free gaseous fuels allows avoiding extreme electrification of demand for energy. In the two scenarios that produce synthetic hydrocarbons and thus need carbon capture from the air or biogenic sources, the scenarios foresee higher development of biogas, compared to other scenarios, because it is possible to capture carbon dioxide in the upgrade of biogas to biomethane in a non-expensive way. Table 9 illustrates the tremendous benefits for the security of energy supply stemming from the replacement of fossil oil and gas in the energy system. Europe will need to import a small share of gaseous fuels by 2050 in the scenarios involving hydrogen and synthetic methane. The amounts of imported gas are also small in the electrification scenario, but in this case, due to the high use of electricity. The scenarios illustrate energy provision conditions that differ dramatically from the present situation. Energy independence is fully achieved, and the supply system relies entirely on domestic sources. The complex gas import, transport and storage infrastructure of Europe will have to be reorganized and oriented towards sharing the domestic resources effectively between the member-states. Table 10 shows the impacts on costs of energy and investment expenditures, according to the model-based projections. All the indicators shown in the table are calculated using the model and are not estimations or expert-judgments. The indicator "total energy system costs" corresponds to annual costs that the end-users of energy incur to get the energy services and products, including the annuity capital costs of insulation of buildings, energy efficiency in industry, and the purchasing of all sorts of energy using equipment and vehicles in all sectors. The cost indicator represents the amount that the rest of the economy will have to pay to produce all energy services. In this sense, the indicator is a proxy of macroeconomic costs incurred by the scenario and can thus be used to compare scenarios for an economic assessment. The energy prices applying to the purchasing of energy products by end-users allow, as calculated by the model, to recover all sorts of costs of the energy production, transport and distribution system. According to the "total energy system costs" indicator, the deep decarbonization scenarios are more expensive in the period 2031-2050 than in 2021-2030. The increase in costs is 20% and is roughly the same for all four scenarios, which is a remarkable result in the sense that all four decarbonization scenarios imply similar total energy costs, although the fuel and technology mix changes significantly across the scenarios.
All four scenarios are capital intensive, as decarbonization depends on investment in all sectors, which reduces energy consumption and replaces fossils by renewables. Investment expenditures increase between 50 and 60% in the period 2031-2050 (per year) compared to the period 2021-2030; the latter period is also more capital-intensive than in the past as the projections include policy targets for 2030. The balanced scenario is the most investment-intensive one, since, by design, it develops all options; opting for the most cost-effective options for each market segment, to ensure maximum feasibility, pays in terms of total investment. As expected, the operating expenditures, per year, born by end-users tend to decrease in all scenarios during the period 2031-2050 compared to the period 2021-2030, thanks to energy efficiency, which offsets the effect of the increase in fuel prices driven by the high cost of producing hydrogen and synthetic hydrocarbons. Two-thirds of total investment expenditures take place in the energy demand sectors, of which two-thirds are for final stationary energy uses. The accounting of investment costs for mobility isolates the incremental investment needed to modify the fleet for achieving energy efficiency and emissions reduction and does not include the entire amount of investment for the transport fleet. Similarly, the accounting only includes investment for refueling and recharging for alternative fuels and not the entire amounts for refueling stations.
In the supply sectors, the large majority of investment expenditures take place in the power sector, as this sector becomes the direct or indirect supplier of all energies. Grids and power plants require high investment efforts and the amounts are roughly similar. Investment in power grids and power plants needs to double, on an annual basis, in contrast to the past. As mentioned above, despite the significant increase in investment and the overall size of the power sector, average electricity prices see only a small increase in 2031-2050, namely only 2.5% on average, compared to the prices in 2021-2030. It is worth noticing that the electrification scenario leads to slightly higher average electricity prices, compared to other scenarios, despite the significantly lower volume of total electricity generation and the total deployment of renewables. The reason is the lack of appropriate storage systems, notably chemical storage with seasonal possibilities. The lowest average electricity prices occur in the synthetic fuels scenario, which leads to the highest total volume of power generation and renewables but at the same time benefits from chemical storage directly, as well as from indirect storage effects of storing hydrogen and synthetic fuels in the facilities of the fuel distribution systems.
Discussion
The research presented in this paper has aimed to model and analyze various possible contributions of hydrogen and GHG-free methane and liquid hydrocarbons in the context of the entire energy system of the EU along the transition pathway towards carbon neutrality by 2050. The research included data collection for the new technologies, and in particular regarding the learning potentials, enhancement of the large-scale model PRIMES and application of the model in the quantification of stylized pathways (scenarios). The scenarios share the same carbon-neutrality objective for 2050 but use different assumptions regarding which GHG-free energy carrier will dominate in the future. Candidates are electricity, hydrogen and GHG-free methane and liquid hydrocarbons. The technologies supporting each candidate carrier are different along the whole value chain, i.e., production, distribution and end-use equipment. However, all three carriers require electricity generation from renewables (with smaller contributions of nuclear and CCS) as a source.
Several of the technologies supporting each candidate carrier are not mature today and are also expensive. The industrial dynamics, as represented in the modelling of alternative scenarios, allocate increasing funding to the carrier and technologies that become dominant, allowing them to experience cost reductions from high learning, while the other, non-dominant, carriers are not achieving similar cost reductions. As total investment funding is limited, it is unlikely to see all carriers and technologies achieving high learning within the same pathway.
The three candidate carriers are supported by technologies with unequal technical and industrial readiness levels. Also, technology limitations exist that do not allow using a single carrier and technology-type in all applications of energy, unless some technologies experience breakthrough developments in the future. Given these limitations, a balanced approach may be attractive, consisting of using each carrier and technology where it is cost-effective without seeking a full dominance. However, pursuing the development of all carriers and technologies in parallel may imply higher costs than when a single carrier dominates.
The scenarios quantified after enhancing the PRIMES energy system model explore the strategic options regarding the choice of a single dominant carrier or opting for a balancing approach. The aim was to study these issues in the context of the entire energy system and not in a bottom-up approach as followed by the majority of the literature [10, 22, 23, 25, [39] [40] [41] [42] [43] . Only a few publications exist that study the future of hydrogen and GHG-free hydrocarbons in the context of the entire energy system. However, all the system modelling papers so far ( [9, [12] [13] [14] ) are applications of the TIMES-MARKAL model, which solves a single linear optimization problem for the entire energy system. Analyzing the same topic in the context of the energy market considering behaviors of agents and nonlinear technology dynamics and resource constraints is a very different approach, which is the aim of the PRIMES model approach. This constitutes the novelty of this paper with regard to the literature.
The modelling results for the four scenarios, also supported by numerous sensitivity analysis runs, confirms statements that have been mentioned in the literature but have not been fully quantified so far. The main findings are:
•
For the electricity carrier, full dominance is difficult as electrification of certain energy applications is probably impossible. Also, the power system will incur high costs to balance load and renewables variability without seasonal storage facilities.
Hydrogen becoming the dominant single carrier implies transforming and adapting the entire distribution infrastructure and the entire fleet of energy equipment, which is costly and uncertain.
Replacing fossils by GHG-free methane and liquid hydrocarbons has the great advantage of maintaining current infrastructure and equipment. The serious uncertainty concerns the potential of cost reduction in the production of synthetic methane and liquids using hydrogen and non-fossil CO 2 capture.
To produce hydrogen and GHG-free hydrocarbons total electricity generation has to increase considerably, challenged by renewable energy potential and grid operation. However, the chemical storage of electricity enabled by hydrogen and synthetic methane is a cost-effective solution for power system balancing and electricity affordability.
If the industry succeeds full achievement of the learning potential for technologies that are not fully mature today, the additional costs needed to reach carbon neutrality by 2050 are reasonably moderated. Financing the significantly increasing investment requirements is the main issue.
The balanced approach is attractive because it does not rely on uncertain technological applications. Within this approach, electrification of end-uses applies on a large-scale but only where it is a cost-effective solution. Hydrogen develops for specific applications, but not as a universal carrier, thus avoiding investment in large-scale distribution and storage of hydrogen. Cost-effective applications of hydrogen exist for specific industrial processes and transport market segments. GHG-free hydrocarbons, mainly GHG-free methane, also develop but only to cover applications where maintaining the use of gaseous fuels is necessary. The amounts of electricity needed to produce hydrogen and GHG-free hydrocarbons represent a significant increase in the size of the power system, but the chemical storage enabled by these fuels allows maximizing development of renewables and balancing the power system variability cost-effectively.
The uncertainties that may undermine the validity of the findings mentioned above concern mainly the future costs of technologies that produce hydrogen and GHG-free hydrocarbons, including the technologies of capturing non-fossil carbon dioxide. The model applications in this paper assumed that the learning potential is achievable. The figures for the learning potential are in line with those mentioned in the recent literature and the estimations by the industry. However, all these sources provide a range of possibilities and not a single value for the long-term. If the pessimistic figures of this range prevail, the cost impacts of the carbon neutrality strategy will increase very significantly, especially for the scenarios involving hydrogen and GHG-free hydrocarbons. In this case, the electricity carrier strategy will constitute the best option, but the limitations of full electrification will remain.
The model applications have also assumed a well-functioning internal electricity market in the EU, a full market coupling and coordinated system management, as well as a substantial extension and reinforcement of the power transmission system and interconnections. These conditions are important to ensure the reliability of supply by an EU-wide power system that will be considerably enlarged in the future and fully dominated by variable renewables. The modelling results show that access to remotely located renewables and the combination of renewables with diversified time profiles are necessary for cost and balancing reasons. EU countries with low renewables resources will need to import electricity or electricity-based fuels from other EU countries that have renewables in excess. However, the full completion of the EU internal market and the extension of the infrastructure are uncertain, given the experience so far. Failures in this matter would entail high costs, threats on the security of supply and limits to full decarbonization.
Conclusions
The EU energy system needs undergoing dramatic restructuring in the long-term, including disruptive changes in the way of consuming and distributing energy to consumers, to achieve carbon-neutrality. Policy-making faces important strategic dilemmas regarding the choice of the dominant technology and energy form that will drive the disruptive changes. Irrespective of the choices for the disruptive changes, this model-based analysis suggests maintaining as basic pillars the strong enhancement of energy efficiency, the development of renewables at a large-scale, in particular in the power sector, the electrification of heat and mobility in the market segments where this is cost-effective and the development of advanced biofuels depending on their potential. Policy-making should consider the pillars as no-regrets options, but this is not enough to deliver full carbon-neutrality in the EU by 2050 and beyond. At present, the assessment of additional measures to achieve carbon neutrality is not yet conclusive. The main reason is the huge uncertainty surrounding the future costs and success of technologies which are not currently mature at an industrial level.
The detailed modelling of the EU energy system up to 2050 with the inclusion of new technologies for GHG-free hydrogen and hydrocarbons supports the statement that carbon-neutrality by 2050 is feasible and reachable through a dynamic restructuring pathway. The 2030 targets are an essential milestone in all pathways. Development of infrastructure and industrial development of technologies not yet mature are key achievements that the pathways have to deliver starting already in the next decade. The modelling assumed perfect conditions regarding the coordination of agents, the anticipation by investors and integration within the EU. They are essential for the long transition to succeed. Failures will be detrimental for costs and the feasibility of reaching carbon neutrality.
In all stylized cases, industrial maturity of today immature technologies is key for achieving an affordable transition. Cost reduction via learning-by-doing depends on large-scale investment, which in turn strongly depends on the visibility of sufficiently large market development in the future. Public policy has a critical role to play to ensure long-term visibility of potential investors in the new technologies. However, when technologies compete with each other and uncertainty prevails about their future potential, public policy often opts for measure respecting technology neutrality to avoid risks of promoting the "wrong" technology. However, a lack of clear visibility of future markets weakens capital accumulation and delays the learning process. The synchronous pursuit of all technology pathways is a valid option only in the early stages of development. When technology uncertainty reduces, public policy has to make decisions and select a few of the technology routes for eventual financial promotion, investment in enabling infrastructure and adoption of suitable technology norms and standards.
Although few technology routes will survive in the markets in the long-term, the full dominance of a single option also has its drawbacks. For instance, lack of competition between technology options and energy carriers weakens cost-efficiency and consumers are vulnerable to the exercise of market power. Moreover, using a single technology option in all applications implies pressures on costs due wither to the exhaustion of potentials or the inappropriateness of the option in some applications.
The modelling, presented in this paper, explored the contrasting options supporting disruptive changes through stylized scenarios that opted for a single dominant technology or energy form, namely extreme electrification, a hydrogen economy and the development of hydrogen together with synthetic GHG-free methane and liquid hydrocarbons. All three options have to address considerable uncertainties in some market segments. Maximum electrification would be difficult in aviation, shipping and some industrial processes. A full hydrogen economy would have difficulty in implementing a complete hydrogen distribution and storage infrastructure. A synthetic hydrocarbons strategy may imply unsustainable volumes of the power sector. For these reasons, all three strategies need to keep in place the no-regrets options.
The balanced scenario illustrates an optimal combination of hydrogen uses and development of synthetic methane. The power sector benefits from chemical storage and maximizes renewables, thus addressing the increase in demand sustainably and affordably. The model results confirmed the importance of chemical storage for balancing renewables in the power sector and hence, it is imperative to develop hydrogen at least for chemical storage of electricity. Hydrogen is a cost-effective option in specific market segments, such as direct uses in energy-intensive industries, fueling heavy-duty transport means and contributing to decarbonization of distributed gas up to a 15% vol. GHG-free methane combined with biogas and hydrogen ensures a full greening of distributed gas, which has the merit of maintaining current infrastructure, equipment and convenience of use. Electrification is strong and confined to transport market segments (e.g., cities), as well as heat uses where it is cost-effective. Advanced biofuels address transport market segments where they are of high value, such as in aviation. The balanced scenario avoids risky choices from technological and investment perspectives and is, therefore, more feasible compared to the three other stylized strategies.
Regarding the policies and measures, the modelling of the scenarios combined market-based policy instruments, such as EU-ETS carbon prices, efficiency supporting policies (including measures removing non-market barriers) and technology standards, like carbon emission standards for cars, eco-design regulations, etc. The model has also included emission performance standards combined with guarantees of origin to enable GHG-free gas in the distribution system based on the blending of biofuels, hydrogen and GHG-free methane. Carbon pricing included in the power system model drove GHG-free production of hydrogen and synthetic fuels. Investment in infrastructure in all sectors was exogenous in the modelling of the scenarios, assuming to be driven by public policy.
The assessment of cost impacts, based on the model, has shown that the increase in costs for the consumers is small compared to the amplitude of transformations and restructuring. Economies of scale and the achievement of the learning potential are important prerequisites. The cost structure evolves towards a string increase in capital expenditures (CAPEX) and a slight decrease in operating expenses (OPEX,) in the entire energy system. Dependence on investment funding is consequently an important factor to be taken into consideration. Investment in the demand sectors needs special attention. Firstly because of the large volume of capital required for the transition. Secondly, because a large part concerns the investment possibilities of individuals, who, depending on income conditions, may lack capital funding or may face non-market barriers obstructing investment decisions-policies combatting energy poverty will have to also address the eventual lack of sufficient technology investment by low-income classes.
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